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The recent plethora of GPS observations compensates for the 20-year-old lack in vertical
displacement data for the Guanzhong region. The 2001e2007 three-dimensional (3D) crustal
deformation data suggest regional movement with a horizontal velocity of 3e7 mm/a,
predominantly from SSE in the west to SE in the east, and vertical inheritedmovement with
velocity of 7 mm/a to 4 mm/a. After the Wenchuan earthquake, the GPS data suggest that
the effect of the earthquake on the regional deformation is greater in the west than the east.
The horizontal displacement increased during 2007e2008; however, the reverse was
observed in 2008e2009. The vertical displacement in thewestern part of the region increased
in 2008 and has been gradually returning to normal since 2009; however, in the eastern part,
the effect of the earthquake remains.
© 2015, Institute of Seismology, China Earthquake Administration, etc. Production and
hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Guanzhong area (Guanzhong area and Weihe Basin are
used usually according to our habit) is located in the middle
of Shanxi Province, which connects the stable Ordos Block in
the north and the Qinling orogenic belt in the south. In the
Fenwei seismic zone that lies in the east, two strong earth-
quakes occurred in the past; the catastrophic and deadliestShanxi Science and Tec
a (41174083).
(Hu Y.).
ute of Seismology, China
er on behalf of KeAi
a Earthquake Administratio
cle under the CC BY-NC-NDon record Huaxian Ms8¼ earthquake in 1556, and the Linfen
Ms8.0 earthquake. Thewestern part of the area belongs to the
NortheSouth Seismic Belt where both the HaiyuanMs8.5 and
Tianshui Ms8.0 earthquakes occurred [1]. The Guanzhong
area is an important tectonic boundary that divides the North
China and South China blocks. Several large-scale structures
in the east and west converge in the region. The regional
tectonic stresses are affected by the QinghaieTibet andNorth
China plates, and suggest stress increase or decrease in thehnology Research and Development program (2012SF2-17) and
Earthquake Administration.
n, etc. Production and hosting by Elsevier B.V. on behalf of KeAi Com-
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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QinghaieTibet plate in the NE direction. Approximately 20%
of the stress is toward the North China plate. The Pacific plate
affects the North China plate via deep processes.
Guanzhong area records crustal movements owing to tec-
tonicstresses fromdifferentplates [2,3]. For instance, beforeand
after the Tangshan Ms7.8 earthquake in 1976, the regional
leveling deformation during 1971e1977 and 1977e1980 was
significantly and abnormally variable, whereas during 1980e
1986and1986e1996 thedeformationvariationswere small [4,5].
TheMs8.1 earthquake in 2001west of the KunlunMountain
pass is also another example. Gravity data for 1992e2005
suggest that the gravity trend sharply reversed in 2001e2002
and this presumably relates to the earthquake and the sub-
sequent regional stress adjustment [6].
The Ms8.0-strong Wenchuan earthquake affected Baoji
and the western parts of southern Shanxi. Earthquakes with
magnitude greater than Ms5 were more frequent in Hanz-
hong, Ningqiang, and the surrounding areas after the Wen-
chuan earthquake. Moreover, small earthquakes also
increased markedly in the eastern parts of the region [7]. In
2009, anMs4.4 earthquake occurred at the junction of Lintong
and Gaoling (34.49 N, 109.15 E). Crustal deformation data
show that theWenchuan earthquake caused large horizontal
coseismic displacement in the NE direction [8]. Deformation
is monitored with survey leveling, GPS, and mobile gravity
data. The Shanxi GPS network comprises approximately 37
stations set up by the Crustal Movement Observation
Network of China and the Earthquake Administration of
Shanxi Province, operating since 2001. In contrast to the
plethora of horizontal displacement data, the last vertical
leveling data for the whole region were collected in 1996.
Presently, fixed observation and short-term leveling stationsFig. 1 e Deformation monitoring stations (D) and main faults (
Piedmont Fault; F2: ZhouzhieYuxia Fault; F3：LintongeChang
FufengeSanyuan Fault; F7: QianxianePucheng Fault; F8: Kouz
Fault).recorded the vertical deformation across faults in the region.
Only the long-term leveling profile in the eastern of the re-
gion cannot reflect the regional movement well. Thus, we
study the 3D movement in the area according to GPS obser-
vations for the period of 2001e2011.2. Data and processing
Presently, the deformation data in the region are from GPS
monitoring stations and leveling sites (Fig. 1). The stations
beginning with D, G, H, or JB belong to the Network Project and
have been operating since 1999. The ones beginning with
letter S belong to the Earthquake Administration of Shanxi
Province and are operational since 2001. Observations are
mostly conducted on August and September each year
(Table 1). We process the observation data from 11 campaigns
during 2001e2011 using the GAMIT/GLOBK 5.17 GPS analysis
software developed at the Massachusetts Institute of Tech-
nology (MIT) and Scripps Institute of Oceanography (SIO), San
Diego University of California. We obtain the 3Dmovement in
the ITRF2008 framework and the horizontal displacement
relative to the Eurasia plate.3. 3D crustal movement before and after the
Wenchuan earthquake
The GPS network covers Guanzhong and the adjacent re-
gions, and the stations are relatively well distributed. More
than ten campaigns have been conducted since 2001, and
hence, we obtained the 3D crustal movement characteristics.
Especially for the vertical displacement, the data fill the gap ofF) in Guanzhong and adjacent regions. (F1: Qinling
an Fault; F4: Weihe Fault; F5: JingyangeWeinan Fault; F6:
heneGuanshan Fault; F9: LongxianeQishaneMazhao
Table 1 e GPS observations in Guanzhong and adjacent regions.
Year Start date End date Year Start date End date
Month Day Month Day Month Day Month Day
2001 8 25 9 16 2007 9 28 10 20
2002 8 23 9 18 2008 9 20 10 11
2003 7 22 9 01 2009 8 16 9 12
2004 9 5 10 02 2010 9 20 9 30
2005 7 27 8 11 2011 9 20 9 26
2006 8 20 9 09
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detect the displacement variation. With regard to horizontal
displacement, the data record a series of representative ve-
locity fields in the region of interest, reflecting the effect of
strong earthquakes.
3.1. Horizontal movement
Figs. 2e3 show the GPS velocity field relative to the Eurasia
plate during 2001e2007 and 2008e2011. The horizontal veloc-
ities at the stations in the western part of the region were
3e7 mm/a in the S 51.4 E and S 54.0 E directions during
2001e2007. The mean E component of the velocity is approxi-
mately 4 mm/a, which is consistent with literature data [9e11].
However, during 2008e2011, the E component significantly
increased to over 6 mm/a. The 2008 data show that theFig. 2 e Magnitude of the northern and eastern velocicoseismic horizontal displacement of H001, which is not far
from the location of the Wenchuan earthquake, increased to
approximately 11 mm toward the east and only approximately
1 mm in the north [8]. We find that the velocity component
E increased from 4.43 mm/s to 9.72 mm/s during 2001e2007;
the coseismic horizontal displacement of XIAA and D079
near 109 E increased 3e6 mm in the EeW direction [8].
Fig. 4 shows the GPS velocity field in the region during
2007e2011. The velocity field suggests that the velocity
component E increased during 2007e2008 relative to previous
years, and themaximum E is approximately 15.0 mm/a toward
the west. Most western stations record displacements of
7e16mm/a along the NE to EW direction. During 2007e2008,
the velocity field data show that coseismic displacement owing
to the WenchuanMs8.0 earthquake is greater in the west than
the east.ty component during 2001e2007 and 2008e2011.
Fig. 3 e GPS velocity field relative to the Eurasian plate during 2001e2007 and 2008e2011.
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noticeable and complex compared with the previous velocity
field, which reflects the recovery owing to the stress relaxa-
tion after the Wenchuan earthquake. During 2009e2010, the
horizontal velocity decreased to 3e10 mm/a while the direc-
tion became disordered. The stations in western Qishan
moved primarily along the SE direction and those between
Qishan and Gaoling, the central region, moved along the SSEFig. 4 e GPS velocity field during 2007edirection. In addition, the stations in the east mainly moved
along the SW direction. Thus, Gaoling and adjacent regions
were part of a compression zone, and an Ms4.4 earthquake
occurred during this period. The directions andmagnitudes of
the horizontal movement vectors varied greatly during
2010e2011, which suggests that there is no correlation with
the Wenchuan and Ms4.4 earthquakes in the far and near
field, respectively; furthermore, the velocity was 3e10 mm/a.2011 relative to the Eurasian plate.
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Common vertical displacement surveys with leveling in-
strumentswere conducted during different years and seasons.
The noncontinuous vertical displacement is likely to contain
large periodic or aperiodic movement [12]. We find that the
deformation across faults changes periodically for deforma-
tion observation intervals of four months each year [13,14].
The difference between the maximum and minimum is
sometimes more than 20 mm [15]. If the GPS observations are
conducted during the same season each year, the vertical
displacement precision improves [16] and we can obtain the
regional vertical movement from GPS observations. XIAA in
the Weihe Basin is one of the reference stations of the Crustal
Movement Observation Network of China. During 2001e2011,
the station displacement rate is6.15mm/a, and is consistent
with the linear fitting result of 7.15 ± 0.84 mm/a based on
continuous GPS observations. For the same period, another
reference station, YANC in the Ordos block, has a linear fitting
velocity of 0.25 ± 0.31 mm/a, which is also consistent with the
calculated displacement rate of 0.19 mm/a. Hence, we infer
that the vertical velocities in this study are reasonable.
The vertical displacement precision is approximately
3e8mm/awhenwe use observations of two continuous years.
Though the vertical displacement accuracy is poorer than in
long-term observations, we can still see the effect of the
strong earthquake. The vertical displacements of four stations
(JB08, H001, S009, and D061) are shown in Fig. 5. Before andFig. 5 e Time series of the vertical displacemeafter the earthquake, the reference JB08 station in the stable
Ordos Block recorded a vertical differential movement of
30 mm, the H001 station in the Qinling orogenic belt recorded
more than 40 mm, the S009 station in the Weihe Basin
recorded approximately 50 mm, and the D061 station in the
central Ordos block recorded less than 14 mm.
The precision of long-term GPS observations of displace-
ment is high. During 2001e2007, the vertical displacement
d from3.60mm/a(D068) to 2.59 mm/a (D036) with an error of
0.34e0.98 mm/a. The S006 station in the Weihe Basin and
XIAA recorded displacements of5.43mm/a and5.10mm/a,
respectively, probably because of poor observational quality
data. During 2008e2011, the displacement ranged from
3.75 mm/a (S009) to 6.60 mm/a (S002), with an error of
0.92e3.62 mm/a. The vertical displacement is shown in
Figs. 6e8. Because the XIAA station instrumentswere replaced
in 2007 and 2010, the vertical displacement rates cannot be
compared. The displacement of the stations west of 109 E
(meridian east of Greenwich) was more pronounced during
2008e2011 than 2001e2007, whereas the displacement of the
stations east of 109 E was highly variable.
To show the vertical movement of each station owing to
the Wenchuan earthquake, we look at the displacement dur-
ing 2001e2007, 2008e2011, and 2001e2011. There are obvi-
ously different types ofmovement on either side of 109 E. The
stationswest of 109 E fromH001 to D079 in Fig. 7move up and
then down, whereas the stations east of 109 E from D071 to
S013 in Fig. 7 maintained the same level of movement.nt of JB08, H001, S009, and D061 stations.
Fig. 6 e Distribution of vertical movement velocity (Vu) in Guanzhong and adjacent regions.
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time [17]. D071 near the location of the Ms4.4 earthquake ap-
pears to continuously increase after 2008 with vertical
displacement rate of 4.56 mm/a during 2008e2011, which is
the largest among the stations in the east. During 2001e2011,
the vertical displacement rate is 1.54 mm/a, which is larger
than that during 2001e2007 (2.84 mm/a), and denotes sub-
sidence. Fast upward movement may relate to the Ms4.4
earthquake.
The 2001e2007 GPS observations reveal the recent vertical
movement characteristics of the Guanzhong area, which
compensates for the lack of regional leveling surveys during
the last 20 years. Survey leveling data during 1986e1996 [4]
are similar to the annual leveling data since 2001. Hence,
the main displacement is attributed to inherited movement
in Guanzhong and adjacent regions [18]. D061 in the Ordos
block is relatively stable, as shown in Fig. 5, and its vertical
displacement owing to the strong earthquake is not signifi-
cant. Fig. 8 shows the GPS vertical displacement relative to
D061 during 2001e2007. The Ordos block is relatively stable
and the differential movement between D061 and the other
stations is small. Small differential movement is recorded
north of the Qinling Mountains; however, the stations in
Qinling Mountains subsided relative to D061 as well as all the
stations in Weihe Basin. The vertical displacement data
suggest that the Ordos Block and Qinling Mountains are
presently being uplifted, whereas the Weihe Basin is
subsiding.
To further compare the leveling data, we use Fig. 9 that
shows the leveling changes of three representative bench-
marks relative to the 2001 elevation. The benchmarks near
109 E comprise only one long leveling profile. N2 in Qinling
Mountains moved and down up during 2002e2007, subsided
in 2009, and has remained stable ever since. N15 in Weihe
Basin has been subsiding since 2002. N31 on the edge of theOrdos Block rose to more than 20 mm in 2008 and 2009, and
then reversed in 2010.4. Conclusions and discussion
The 3D crustal deformation data from GPS monitoring
reflect the effect of the Wenchuan earthquake during
2001e2011 in Guanzhong and the adjacent regions. The
boundary between the sags and domes of the uplift is at 109 E,
to the left is the Xianyang uplift and Xi'an sag and right is the
Lishan uplift and Gushi sag (Fig. 8). On either side of the 109 E
boundary, the horizontal and vertical movement change
magnitude and direction (Figs. 4 and 6). Before and after the
earthquake, the vertical differential movement is within
20 mm/a in theOrdos Block andQinlingMountains, andwithin
50 mm/a in the Weihe Basin. Nonetheless, the 2001e2007 GPS
data, before the earthquake, reflect the horizontal displace-
ment with a horizontal velocity of approximately 5e10 mm/a,
predominantly along the SE direction, and the inherited verti-
cal displacement.
Crustal deformation varies spatially and temporally.
Owing to the interaction among blocks, strong earthquakes
result in stress adjustment and crustal deformation. The crust
in the Guanzhong area is strongly affected by earthquakes
that take place in adjacent blocks [1,2,6]. The Wenchuan
earthquake is related to the eastward mass flow of the Qing-
haieTibet Plateau and consequently some of this material is
blocked by the stable and strong Sichuan Basin and accumu-
lates in the western brim of Longmenshan Mountains. The
Wenchuan earthquake occurred along the YingxiueBeichuan
fault on the Longmenshan Mountains and caused part of the
material to flow toward the east and north. From the 3D
deformation analysis, the stress adjustment in Guanzhong
owing to the Wenchuan earthquake is deemed critical to the
Fig. 7 e Time series of vertical displacement of each station during 2001e2007, 2008e2011, and 2001e2011.
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Fig. 8 e GPS vertical displacement data relative to D061(2001e2007).
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regional fault activity and induced the 2009Ms4.4 earthquake.
The above mentioned deformation analysis suggests that
abnormal deformation took place during 2007e2008 and
2008e2009. The direction of GPS velocity reflects the move-
ment of the surface materials. The crust and mantle are
coupled in the Ordos block and adjacent regions. The FenweiFig. 9 e Elevation changes relative to 2001.graben is attributed to the upward and lateral intrusion of
upper mantle material along deep faults [19]. Considering
research results for the northeastern margin of the Qing-
haieTibet Plateau and the location of the Guanzhong area, the
deformation changes from 2007 to 2009 are attributed to the
Wenchuan earthquake; the flow of deep material and crustal
movements are mainly responsible for the deformation vari-
ations and large stress field [20]. After 2009, the deformation of
the region is more disorderly because of the far Wenchuan
and near small earthquakes.Acknowledgments
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